localized mainly in the plasma membrane. However, is transported in the medium and intracellular vesicles.
Until recently, this carrier was only functionally charac-
Conclusions: MRP1 protein level is greatly increased
terized by the absence of its transport activity in the in the lateral membrane of proliferating hepatocyte-de-TR 0 (transport deficient) rat. This mutant rat strain is rived cells. The presence of a lateral domain seems deficient in canalicular organic anion transport. [12] [13] [14] [15] [16] The necessary for plasma membrane localization. These results suggest that MRP1-mediated organic anion transsubstrate specificity of cMOAT is very similar to that of port is important in proliferating hepatocytes, but not MRP. [4] [5] [6] This suggests that cMOAT may be similar or in quiescent cells.
identical to rat mrp. However, organic anion transporters on both the canalicular and lateral membrane of the hepatocyte seem incompatible with vectorial transport of T its substrates into bile. A recent study by Paulusma et he multidrug resistance protein (MRP) is an efflux pump involved in multidrug resistance (MDR).
al. 17 reports that a homologue of mrp, called mrp2, is Like MDR1 P-glycoprotein (Pgp), MRP is a member of absent in the TR 0 rat. This suggests that mrp2 may the adenosine triphosphate (ATP)-binding cassette superfamily. 1 However, homology between MDR1/Pgp bile canaliculi. These vacuoles contain apical markers, Cell Culture and Immortalization of Human stain for actin, fodrin, and villin, and are sealed by tight Hepatocytes junctions and desmosomes. 20, 21 Furthermore, it has been shown that both rhodamine-labeled phosphatidyl-
The human hepatoma cell line HepG2 18 was cultured on glass coverslips or culture dishes in Williams' medium E ethanolamine and 7-nitrobenz-2-oxa-1,3-diazole-labeled with glutamax (Gibco, Breda, The Netherlands) supplemented ceramide accumulate in these microvilli-lined vacuoles. 22 with 5% fetal calf serum, 200 U/mL penicillin G, and 200
To study expression and localization of MRP protein in mg/mL streptomycin. these cells, a polyclonal antibody was developed that
To obtain human immortalized hepatocytes, tumor-free huproved specific for both rat and human MRP1. For comman liver tissue was excised from tissue obtained after partial parison, the localization of Pgp protein was determined hepatectomy. The patient was a 59-year-old man, with a single in these cells. Pgp is known to be localized in the canaliccolon cancer metastasis. Human hepatocytes were isolated from ular membrane of the hepatocyte. 23 Also the localization this tissue by collagenase perfusion as described previously. 25 of MRP transport activity was studied by using the fluo- Detection and Measurement of Transport the cells were harvested from the culture flasks using a rubber Activity policeman and subsequently centrifuged at 5000g. Cells were For the detection of intracellular MRP activity, the permeabilized in the presence of a cocktail of protease inhibifluorescent glutathione conjugate GS-MF was used. This is tors (Complete, 1:10 wt/vol) in 5 mmol/L HEPES/KOH at formed intracellularly by the action of esterase and glutathione pH 7.4 by freezing (0180ЊC) and rapid thawing. The cell S-transferase, from the nonfluorescent compound CMFDA. homogenates were centrifuged at 10,000g and the resulting The latter compound is taken up by diffusion. Cells grown on pellets were used as crude membrane fractions. Human hepatocoverslips were incubated with 2.5 mmol/L CMFDA for 15 cytes were taken from the same cell preparation used for imminutes at 37ЊC. Coverslips were then transferred to HEPESmortalization, as described previously. Membrane fractions of buffered medium containing 130 mmol/L NaCl, 5 mmol/L human hepatocytes were prepared as described for ) and TR 0 rats were prepared according to Meier pH 7.4, and then the coverslips were put on ice. For examinaet al. 28 Equal amounts of proteins were size fractionated on a tion, a small chamber was constructed by putting a coverslip 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoon top of the coverslip to which the cells were attached. The resis. MRP was detected using the antibodies MRPm6, two coverslips were separated by spacers and kept together MRPr1, and MRPk5. Pgps were detected with the monoclonal with silicon grease. The intracellular accumulation of the subantibody C219. For detection, the enhanced chemiluminesstrate was observed by confocal microscopy. cence kit from Amersham (Den Bosch, The Netherlands) was
For measurement of MRP-mediated transport out of the used.
cells, cells cultured in six-well plates were loaded with 10 mmol/L CMFDA for 60 minutes at 10ЊC. Thereafter, cells
Immunofluorescence Microscopy
were washed once with ice-cold HEPES-buffered medium and stored on ice in HEPES medium. GS-MF efflux from the cells HepG2 cells grown on glass coverslips and Ç75% was measured at 37ЊC or 10ЊC by adding media of 37ЊC or confluent were used for immunolocalization of MRP and Pgp.
10ЊC, respectively. At certain time intervals, 200-mL samples Cells were fixed for 10 minutes in acetone at 020ЊC, washed were removed and fluorescence was measured with a fluoreswith PBS for 15 minutes, incubated with the primary antibodcence enzyme-linked immunosorbent assay-plate reader (Tiies diluted in 1% bovine serum albumin in PBS for 20 hours tertek Fluoroskan II; ICN Biomedicals, Zoetermeer, The Nethat 10ЊC, and then incubated for 1 hour at 37ЊC in a humidified erlands) (excitation, 490 nm;emission, 520 nm). chamber. Cells were then washed three times for 10 minutes Uptake of CMFDA by the cells was assessed by lysing the with PBS and incubated for 30 minutes with the secondary cells with 0.5% Triton X-100 in PBS after the 60-minute antibody diluted in 1% bovine serum albumin in PBS. For uptake period and subsequent washes. Fluorescence of the hoPgp detection, FITC-labeled goat anti-mouse IgG was used. mogenate was determined. For MRP detection, TRITC-labeled goat anti-rabbit IgG
To quantify the amount of fluorescence, a 25 mmol/L GS-(MRPk5), rabbit anti-rat IgG (MRPr1), or rabbit anti-mouse MF standard was prepared as follows: 5 U of esterase, 5 U of IgG (MRPm6) was used. After the second incubation, cells glutathione S-transferase, 250 mmol/L reduced glutathione, were washed three times for 10 minutes with PBS and mounted and 25 mmol/L CMFDA were dissolved in 1 mL HEPES mein Prolong Antifade mounting medium. Control stainings dium and incubated at 37ЊC until no increase in fluorescence were performed by omitting the primary antibody. (IH1 and IH2), and the human hepatoma cell line HepG2. For comparison, membranes of erythrocytes were recognizes a protein of {190 kilodaltons in the parental cell lines SW1573/S1 and GLC4, which is much more also investigated. All three antibodies recognized a band corresponding to 190 kilodaltons in both the immortalabundant in the MRP1-overexpressing cell lines S1/MRP and GLC4/ADR, respectively. The bands of {70 kilodalized hepatocyte sublines and in HepG2, similar to that found in the erythrocytes (Figure 2 ). In the particulate tons in S1/MRP and GLC4/ADR are caused by the breakdown of MRP1. MRP1 is known to be very prone to fraction of whole liver, no MRP1 is detectable, whereas in the membrane fraction prepared from isolated human breakdown. 8 The molecular mass of 190 kilodaltons corresponds to that previously reported for human MRP. 6, 7, 9 hepatocytes, a weak signal is detected with MRPr1 (Figure 2) . Both immortalized hepatocyte sublines and Furthermore, the antibody reacts with a band of {190 kilodaltons in HepG2 and human erythrocytes and reacts HepG2 cells show a similar level of MRP1, which is greater than that of erythrocytes. This indicates that with a slightly lower band of {170 kilodaltons in both normal and TR 0 rat liver membranes with equal inten-MRP1 is present at a low level in quiescent hepatocytes and is up-regulated in immortalized hepatocytes and sity. The molecular mass of Ç170 kilodaltons for rat liver mrp was also reported by Mayer et al. 10 It has been HepG2. No difference in Pgp level is observed, in these cell types. shown that mrp2 is not present in the TR 0 rat liver.
10,17
Therefore, a greater mrp-related signal in membranes Localization of MRP1 and Pgps from normal livers would be expected if MRPk5 recogMRPk5 was used to localize the mrp1 protein in nizes both mrp1 and mrp2. However, the mrp detection frozen sections of rat and human liver. However, no labelsignal is similar in both normal and TR 0 livers. This ing of hepatocytes was detected (data not shown). On suggests that the MRPk5 antibody is specific for the Western blot, MRP1 is detectable in a membrane fracmrp1 homologue.
tion prepared from isolated hepatocytes (Figure 2 ), which With this antibody and the two monoclonal antibodies must be caused by the relatively low expression of the MRPm6 and MRPr1, 8 the level of MRP1 in human liver protein. The localization of MRP1 was also studied in cells was studied. Crude membranes were isolated from HepG2 cells. Part of the HepG2 cells form microvilli- Figure 1 . Detection of MRP1/mrp1 in membrane fractions of different human cell lines and rat hepatocytes using the MRPk5 antibody. Membranes were prepared from HepG2, human erythrocytes, MRP-overexpressing cell lines S1/MRP and GLC4/ADR, and their parental cell Figure 2 . Immunoblot analysis of levels of MRP1 and Pgps in human hepatocytes, immortalized hepatocytes, and HepG2 cells. Crude lines SW1573/S1 (S1) and GLC4, respectively. The mixed membrane fraction of normal (TR / ) and mutant TR 0 rat livers were used. Equal membrane fractions were prepared from homogenates of human liver (HL), isolated human hepatocytes (HH), immortalized hepatocyte subamounts of protein (30 mg), S1/MRP, and GLC4/ADR (GLC4/A, 3 mg), were separated by sodium dodecyl sulfate-polyacrylamide gel lines (IH1 and IH2), and HepG2 cells. Membranes of human erythrocytes (Ery) were used for comparison. MRP1 was detected on immuelectrophoresis and transferred to nitrocellulose by electroblotting. The nitrocellulose blots were incubated with the polyclonal antibody noblot with the antibodies MRPk5, MRPm6, and MRPr1, respectively. The migration positions of MRP1 (190 kilodaltons) and Pgps (170 MRPk5, and protein was observed using a chemiluminescence detection system. kilodaltons), detected by C219 antibody, are indicated.
pattern for MDR1-Pgp and MRP1 ( Figure 4E and F) . MDR1-Pgp is mainly present in large (apical) vacuoles ( Figure 4E ). In contrast, MRP1 is located mainly in lateral membranes ( Figure 4F ). Similar results in both cell types were observed with the monoclonal anti-MRP antibodies MRPm6 and MRPr1 (data not shown). Both lateral membranes of adjacent HepG2 cells contain MRP1 (Figure 5) . Furthermore, punctate intracellular staining can be observed. This probably represents MRP1 located in vesicular membranes. Also, with this magnification, no labeling of the basal membrane is detected. This indicates that strong lateral staining cannot be explained by an additive effect of fluorescent signals from the lateral membranes of two adjacent cells. In contrast to Pgp, the occasionally observed MRP1 staining of apical vacuoles in HepG2 does not completely surround the entire circumference of the vacuole within the plane of focus, as is also apparent from Figure 4D . On a compiled three-dimensional z-series image of an apical that MRP1 is not located in the apical membrane. To determine whether MRP1 will only localize on the plasma membrane when a defined lateral domain is availlined apical vacuoles. 20, 21 To study this, cells were stained able, MRP1 localization in separate cells was studied. for actin using TRITC-phalloidin. Some cells have Therefore, HepG2 cells were double-labeled with acriformed large vacuolar structures, mostly asymmetrically dine orange (to stain nuclei) and MRPk5. No staining situated in the cell membrane between two adjacent cells of the plasma membrane of separate cells is detected (Figure 3) . Under greater magnification (Figure 3, insert) , while in the same preparation the lateral membranes of actin containing microvilli can be observed in these vacuadjacent cells are strongly labeled (Figure 7 ). This sugoles. To determine whether Pgps, which are located apigests that defined lateral domains are a prerequisite for cally in normal hepatocytes, are also present in these the appearance of MRP1 at the plasma membrane. apical vacuoles, HepG2 cells were labeled for actin (Figure 4A) and Pgps (C219 antibody; Figure 4B ). ColocalLocalization of MRP Transport Activity ization of actin-positive vacuoles and Pgps is evident ( Figure 4A and B) . Also, a punctate staining in the To compare the localization of MRP1 with MRP activity, the efflux rate of the fluorescent glutathionecytoplasm was visible, probably representing Pgps located in the membranes of intracellular vesicles. No conjugate GS-MF into the medium was determined. To determine efflux of GS-MF, cells were loaded with 10 staining of the plasma membrane was apparent. This indicates that Pgps are almost exclusively present in apimmol/L CMFDA at 10ЊC for 60 minutes. Under these conditions, 45% of CMFDA is taken up by the cells as cal vacuoles. To determine the localization of MRP1, HepG2 cells were labeled for MDR1-Pgp (JSB-1 antimeasured in cell homogenates. The efflux of GS-MF from HepG2 cells at 37ЊC is {5-fold greater than at 10ЊC body) and MRP1 (MRPk5 antibody) ( Figure 4C and D) . The results indicate that MRP1 is located in the lateral (Figure 8 ). This temperature dependency of GS-MF efflux indicates involvement of a carrier-mediated process. The membrane of adjacent cells. Furthermore, 37% of MDR1-Pgp positive vacuoles (n Å 150) also labeled for initial efflux rate of GS-MF was 289 { 28 pmolr min 01 rmg protein 01 (n Å 5), as determined during the MRP1. No staining of the basal membrane, the membrane that is in contact with the medium, is apparent. first 2.5 minutes. GS-MF was also used to observe intracellular (vesicuImmortalized human hepatocytes show a similar labeling lar) MRP transport activity. HepG2 cells grown on covin proliferating liver cell lines, such as HepG2 hepatoma cells and human hepatocytes, immortalized by transfecerslips were incubated for 15 minutes with 2.5 mmol/L CMFDA. After washing, the cells were put on ice to tion with the SV40 large T antigen. To determine levels of MRP1 in these cells, a polyclonal antibody (MRPk5) reduce transport activity. Vesicular accumulation of the substrate was observed using confocal microscopy. GSagainst an MRP1-derived synthetic peptide was raised. On Western blot, MRPk5 recognizes a protein of {190 MF accumulates in randomly distributed intracellular vesicles and in large vacuolar structures, probably reprekilodaltons, which is highly abundant in the human MRP1-overexpressing cell lines S1/MRP and GLC4/ senting apical vacuoles ( Figure 9A and B) . This indicates that MRP activity is present in these structures. Because ADR compared with their parental cell lines. Furthermore, MRPk5 detects mrp1 with a molecular weight no MRP1 staining was found on apical vacuoles, transport of GS-MF into apical vacuoles may be mediated by of {170 kilodaltons in both normal and TR 0 rat liver membranes. This slightly lower molecular mass in rat MRP2. This was confirmed with a monoclonal antibody raised against rat mrp2. With this antibody, clear stainliver has previously been reported by Mayer et al. 10 and was attributed to a difference in glycosylation. The simiing of apical vacuoles in HepG2 can be observed (data not shown), suggesting that MRP2 is present in these lar amounts of mrp detected in both normal and TR 0 hepatocyte membranes indicate that MRPk5 does not vacuoles and thus may be responsible for the observed GS-MF accumulation. GS-MF-accumulating vesicles significantly cross-react with mrp2. These results indicate that MRPk5 specifically recognizes MRP1/mrp1 in predominantly have a round appearance, although in some cells, tubular structures are found ( Figure 9B ). both human and rat. MRP1 is barely detectable in whole human liver or in Furthermore, GS-MF-negative vesicles can be observed ( Figure 9B ), indicating that these vesicles do not contain isolated human hepatocytes. In contrast, relatively high levels of MRP1 were found in HepG2 cells. Also, when MRP activity. GS-MF accumulating vesicles were also observed in immortalized hepatocytes (data not shown).
proliferation of human hepatocytes is induced by transfection with SV40 large T antigen, the level of MRP1 Discussion is highly increased to a similar level as in HepG2. Levels MRP was first described as a protein involved in of Pgps did not differ between these three cell types. multidrug resistance 2 and shown to function as an ATPThis indicates that MRP1 appears up-regulated in prolifdependent glutathione S-conjugate efflux pump. [4] [5] [6] In erating hepatocytes. a recent paper, Mayer et al. 10 presented data that indicate The localization of MRP1 and Pgps was compared in MRP/mrp is localized in the canalicular as well as the HepG2 cells. HepG2 cells form apical vacuoles lined by lateral membrane of human and rat hepatocytes. In the microvilli according to previous studies. 20, 21 This study latter study, no apical staining was found in livers of the shows that Pgps are localized in these apical vacuoles as mutant TR 0 rat, which lacks canalicular organic anion well as in intracellular vesicles. This indicates that Pgps, transport activity mediated by cMOAT. 11 Recently, Pauwhich in normal hepatocytes are located apically, 23 are lusma et al. 17 reported that in rats, apical mrp represents also sorted apically in HepG2 cells. In contrast, MRP1 a homologue of mrp, named mrp2, which is mutated in is localized mainly in the lateral membrane, i.e., the the TR 0 rat. This suggests that mrp2 is probably identidomain where the two membranes of adjacent cells meet. cal to cMOAT. The function of the mrp1/MRP1 is not Although 37% of the Pgp-positive apical vacuoles also known. Organic anion transporters on both the canaliculabel for MRP1, labeling never uniformly surrounded lar and lateral membranes of the hepatocyte seem incomthe entire circumference of the vacuole in the plane of patible with the vectorial transport of organic anions into focus. When several focal planes of a MRP1-stained apibile, unless the level of mrp1/MRP1 is very low comcal vacuole were merged with a single focal plane of the pared with mrp2/MRP2.
Pgp label in a composite three-dimensional image, To study the function of human MRP1, the abundance MRP1 appears to be confined to a belt-like region around the Pgp-positive vacuole. This distribution pattern is of MRP1 in human hepatocytes was compared with that labeling is observed between two adjacent cells (right cluster). This suggests that cell-cell contact sites are a prerequisite for MRP1 localization in the plasma membrane.
similar to the distribution of the tight-junctional protein ZO-1 on apical vacuoles, as described for WIF-B hepatoma cells, 29 and may thus represent the sites where the lateral membrane makes contact with the apical vacuole. These results indicate that MRP1 is exclusively localized on the lateral membrane. No labeling of the basal membrane (the membrane directed to the medium) is detectable. Furthermore, no MRP1 is detected on the plasma membrane of separate HepG2 cells. This suggests that the presence of a lateral domain is necessary for localization of MRP1 on the plasma membrane of these cells. Like HepG2 cells, the immortalized hepatocytes also form apical vacuoles, which are positive for Pgps, with MRP1 specifically located at the lateral membrane. MRP also seems to be localized laterally in normal liver as reported recently for frozen sections of both rat and human livers.
10 However, with the antibodies used in this study, no mrp/MRP staining of hepatocytes in frozen rat previously shown that GS-MF is not excreted into the that of cMOAT.
11 HepG2 cells, loaded with CMFDA, excrete GS-MF in a temperature-dependent fashion. This indicates the involvement of a carrier-mediated process. We were not able to directly show excretion of GS-MF into the lateral intercellular space. However, the high abundance of MRP1 on lateral membranes makes it likely that a large part of the GS-MF efflux into the medium is mediated by MRP1. Furthermore, evidence from other studies indicate that, in other cell types, there is organic anion transport in the lateral intercellular space. In large dome-shaped polarized renal MDCK and LLC-PK 1 cells, the organic anion 2,7-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF), a fluorescein derivative used as a pH indicator, is secreted into the lateral space.
30,31 Evers et al. 32 showed that MRP1 is located predominantly on lateral membranes in LLC-PK 1 , mak- cates that MRP-mediated transport activity is present in these vesicles. As discussed previously, we did not find specific staining of apical vacuoles for MRP1. However, bile of the TR 0 rat, indicating that GS-MF is a substrate an antibody against mrp2 clearly stains apical vacuoles for cMOAT/mrp2 (Roelofsen et al., unpublished data).
in HepG2, suggesting that MRP2 is present in these Substrates tested for MRP are mainly glutathione Sconjugates 4 -6,10 and the substrate specificity is similar to vacuoles and probably is responsible for the observed accumulation of GS-MF. Thus, both MRP1 and MRP2 enter and expand this intercellular space. At present, no data are available for a role of organic anion transport in are present in HepG2 cells. Also in other polarized cell types, excretion of organic anions over both the apical the process of cell division. and basolateral membrane has been observed. Collington Recapitulating, we found that MRP1 level is low in et al. 33 reports that BCECF is excreted in an ATP-depennormal hepatocytes and highly increased in proliferating dent way in MDCK and Caco-2 cells with a threefold hepatocyte-derived cell lines. MRP1 is localized specifihigher excretion in the apical than in the basolateral cally in the lateral membrane of these cells where it is medium. Oude Elferink et al. 34 reported an ATP-depenprobably responsible for the active transport of glutathident secretion of glutathione-dinitrophenyl in polarized one S-conjugates into the medium. Furthermore, a wellCaco-2 cells. In this Caco-2 subline, the secretion rate defined lateral domain seems necessary for the localizaover the basolateral membrane was approximately twotion of MRP1 on the plasma membrane. These results fold higher than that over the apical membrane. Alindicate that the level of MRP1 is related to the proliferathough no data on MRP expression are available, it may tion state of the cell and suggest that MRP1 is of minor well be that also in these cell lines, MRP1 and MRP2 importance in quiescent hepatocytes. The role of MRP1 are responsible for the respective (baso)lateral and apical in proliferating hepatocytes remains to be studied. excretion of organic anions. providing an osmotic driving force so that water can
